Dry as well as wet coating techniques were developed to coat glass beads as filter media to remove manganese from water. For dry coating, powdered manganese oxide ore was fixed on the media surface. Wet coating was achieved by depositing synthetic manganese oxides onto the bead surface.
INTRODUCTION
Manganese (Mn) is naturally occurring in drinking water resources worldwide (Frisbie et al. ) . It is frequently present in many surface water and groundwater sources, particularly in anaerobic or low oxidation conditions (WHO ). For a long time, Mn in drinking water had only been considered as an aesthetic water quality problem that was responsible for a metallic taste, discolouration and the cause of black stains on plumbing fixtures (Kohl & Medlar ) . Recent studies have documented the neurotoxic effects of Mn in children and adults (Frisbie et al. ) . Thus, several authors have recommended the reexamination of the 400 μg/l health-based guideline recommended by the WHO for drinking water (Ljung & Vahter ) . water by an abiotic adsorption and oxidation process known as the 'natural greensand effect' (NGE), which has been extensively studied (Knocke et 
NGE can be divided into two essential steps: the adsorption of Mn 2þ onto the media surface (Equation (1) 
METHODS

Media preparation
For microbial oxidation and the removal of Conditions of media preparation using dry coating techniques are summarized in Table 1 .
Wet chemical coating techniques (a) Synthetic MnO x(s) -coating in a batch reactor: the experiments were modelled according to Merkle et al. ().
Conditions of the media synthesis process are summarized in Table 2 (samples 3-5). The general procedure regarding samples 3 and 4 can be described as follows: a buffered (HCO 3À ) solution of Mn 2þ (added as MnSO 4 ·H 2 O) was prepared, and a defined quantity of matted glass beads was added. In total, 500 ml of an oxidant solution (HOCl) was prepared and gradually added to the gently stirred manganese solution at 50 ml/min. After this addition, stirring continued for a certain amount of time.
To reduce the formation of MnO x(s) precipitates from the solution, the pH of each stirred solution was periodically checked and adjusted to be maintained between 7.2 and 8.0 by dropwise addition of 0.5 mol/l NaOH or 0.5 mol/l HCl as required. For the production of sample 3, a stepwise approach was pursued. To apply this sequential batch method, two solutions were prepared: solution 1 was 250 ml of a Mn 2þ solution (1,000 mg/l), and solution 2
was an oxidant solution (HOCl 138 mg/l). In the first step, 25 g of matted glass beads were added to solution 1. The solution was gently stirred for 2 min, drained off and saved. In the second step, solution 2 was added, stirred, drained off and saved. The procedure was repeated for 15 min.
At the end of all the experiments, the solution was dec- Electron microscopy and image analysis Energy-dispersive X-ray spectroscopy (EDX) was performed at 300 × magnification used for the chemical characterization of the top 1-2 μm of the bead surface.
Representative images of the media surface (300-fold magnification) from the BSE microscopy analysis were examined by the Java-based image processing program, ImageJ. The total coated area was determined using falsecolour imaging.
Continuous stirred tank reactor
To determine the efficiency of the coated glass beads in terms of their efficiency to remove manganese from water, a reactor modelled after a system that was first described by Carberry () was used. The reactor vessel (2 l) was 
RESULTS AND DISCUSSION
Electron microscopy and image analysis On darker spots, the electron beam could penetrate the MnO x(s) layer, and detected, besides Mn and O, the elements Merely O, Mn and Au (from media preparation for SEM)
were detected by EDX analysis, which proves a complete and thick covering of the bead surface by synthetic MnO x(s) . An X-ray spectrum of a representative bright spot of the differently coated samples at 300-fold magnification ( Figure 9 ) proves that more Mn was deposited on the bead surface using the column approach. Si, Na, Mg and Ca as primary elements of the glass beads were found in considerably higher concentrations on sample 3 (batch approach) than on sample 6 (column approach), whereas Mn was found in larger quantities on sample 6, confirming that coating using the column approach proved to be more successful.
BSE images of samples 5 and 7 are not shown in these findings. Because of the omnipresence of Mn on all areas of the representative BSE image, as detected by EDX analysis, a complete covering of the bead surface by synthetic 
Continuous stirred tank reactor
Experimental conditions in the continuous stirred tank reactor are summarized in Table 3 . Figure 10 shows the course of the Mn 2þ concentration in the stirred tank reactor investigating dry coated glass beads. The graph of sample 1 illustrates that there is a marginal slope, indicating an inadequate performance of those beads with regard to demanganization purposes. Under the given conditions (Table 3) , the beads coated by applying silane as a binding agent (sample 1) were exhausted after 20 min and showed a total sorption uptake of 0.04 mg Mn 2þ /g filter media. The low performance of this sample may be explained by a comparably low coverage of surface area 
CONCLUSIONS
Different techniques for coating glass beads with a powdered sorptive material as well as methods to synthetically coat glass beads with MnO x(s) were newly developed or Figure 9 | EDX spectrum of a bead coated using the column approach (sample 6) in comparison with a bead coated using the batch approach (sample 3). 
